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SUMMARY

" The objectives of this research can be divided into two parts. One part
was concerned with the improvement of the slip ring-brush assembly, additions
of a prototype debris collection system and a stainless steel gas handling
system to introduce dry and wet COé environments in the vacuum system. The
other part of our research dealt with investigations carried out on the micro-
structural characterization of rotating Cu-Cu electrical contacts in vacuum
and wet C02 environments. The main achievemeﬁts and results of the past year
are listed in the appendices as papers published and accepted for publication.

The work mainly consists of investigating the chemical, electrical and

wear properties of the rotating interface between OFHC Cu slip ring and two
high purity Cu wire brushes in situ in uitra high vacuum and in one atmosphere
of wet C02. The chemical composition of the slip ring surface was determined
by Auger electron spectroscopy (AES). The contact resistance was measured by
a potentiometric four point probe technique while the wear properties of the
interface and the morphology of the debris were studied by frictional force,
scanning electron microscopy (SEM), transmission electron diffraction (TED),

and X-ray diffraction (XRD) measurements.
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I. REPORT

A. Research Results

The success achieved during the last year in characterizing the OFHC Cu
slip rings that rotate in contact with two high purity Cu wire brushes in
vacuum and in one atmosphere of wet CO2 are reported in the Appendices to this
report. The main achievements of our findings reported in these papers are as
follows:

In vacuum, the initial conventionally cleaned slip ring surface (Cu 50 a/o)
became almost completely clean (98 a/o) after several hundred rotations. C(Car-
bon was the major impurity observed. The contact resistance decreased with in-
creasing number of slip ring revolutions and its stable value was around 1-2 mQ
and depended on the magnitude of the contact force. The frictional force also
increased substantially as the rotation proceeded and finally after many
hundreds of revolutions the slip ring stopped rotating because of excessive
friction and ultimate cold welding. The average coefficient of friction (u)
increased more than four times and just before cold welding its value was
around 1.5,

In the case of rotation in wet CO2 the surface also became clean except
for the development of a slight S and C contamination. Sulfur came from an
impurity in the CO2 gas and the carbon concentration was of the same order as
that observed in the vacuum experiments. Thus running in wet CO2 contributed
no additional C to the surface. The frictional force decreased as the rotation
proceeded and cold welding did not occur. CO2 and water were adsorbed on the
surface and acted as a good Tubricant. The contact resistance also decreased

as the number of slip ring revolutions increased,but its steady state value was

invariably higher than that measured in vacuum experiments for the same magni-

tude of brush normal force. Higher normal forces have lower contact resistances.
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Likewise, the thickness of the HZO-CO2 interfacial layer depended on the contact
pressure. Thus the interfacial resistance appears to arise possibly from a com-
bination of quantum mechanical tunneling through the C02-H20 layer as well as
occasional direct brush-slip ring contact. An approximate calculation based on
a tunneling conduction mechanism resulted in an interfacial film thickness of
about 6 X for which the measured contact resistance was 2.2 mQ and the normal
force was 80 gms. These values could easily arise from a one to three molecule
thick layer of C02-H20.

The most significant conclusion based on these results is that the contact
resistance at the Cu-Cu interface in wet 002 is not due to contamination by car-
bon or other impurities, but rather arises from the presence of this H20-CO2
layer at the interface. The low contact resistance in vacuum arises from direct
metal-metal contact, which resulted in the formation of large wear particles.
The contact resistance decreased during rotation mainly because the initial sur-
face impurities were buried during rotation or possibly partially removed by
the fallen wear particles. Also heavy plastic deformation at the interface would
cause the surface contact area to increase, thereby decreasing the interfacial
resistance.

In vacuum, deep ridges arise from brush end ploughing and from random
localized welding of brush wire ends to the slip ring during rotation, resulting
in tensile plastic deformation of the weld and then final fracture of the weld
material or wire. Continued rotation may pull out some of these broken wire
ends or pieces of slip ring material, which then roll over and over between the
brush-slip ring interface and eventually fall away from the interface. The
morphologies of the wear particles were all more or 1es§ the same. Some are

made of thin layers rolled as sheets and some with more compacted but still




Arolled surfaces. The results from X-ray diffraction studies of large particles
were identical to those obtained by TED from small particles. The diffraction
patterns consisted of typical powder patterns and did not show any preferred
orientation.

B. Equipment Design and Fabrication

A stainless steel ultra high vacuum system of low 10']0 torr range capability
was used to characterize the Cu-Cu slip ring-brush interfaces. The brush-slip
ring assembly was mounted on a specimen manipulator capable of X, Y, Z displace-
ments, and rotation by an external motor. The UHV system included an Auger cylin-
drical mirror analyzer (CMA), a 3 keV sputter ion gun and a 90° magnetic sector
partial pressure analyzer.

The Auger electron spectrometer which was used to examine the surface tracks
was fully controlled by a Hewlett Packard 9825A desk top computer and multipro-
grammer. A stainless steel gas l1ine was attached to the system to introduce
wet C02 into the chamber by bubbling it through a doubly distilled H20/C02 solu-
jon in a stainless steel trap. A molybdenum sheet tray was placed inside the
vacuum chamber under the brush-slip ring assembly to collect wear particles during

! contact rotation. Complete details of the equipment are given in the attached
papers.

C. Personnel and Activities

3 Dr. Richard W. Vook, Professor of Materials Science, acted as Principal

Investigator on the project. He was assisted by Dr. Bhoj Singh, a full time Re-

search Associate, Mr. B. H. Hwang, a full time graduate research assistant and 1
Mr. J. G. Zhang, a visiting research scientist, all in the Department of Chemical

Engineering and Materials Science. Mr. Zhang joined the project in August 1980.

Mr. Hwang left the project in May 1981 after receiving an M.S. in Materials Science.

Several lectures were given at various meetings and they are listed in Section III.
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In Situ AES Characterization of Rotating Electrical
Contacts

BHOJ SINGH ano RICHARD W. VOOK

Abstract—The electrical contact resistance and surface chemical
composition of a rotating copper slip ring in contact with two wire
brushes were investigated in sirv under ultrabigh vacuum (UHV)
conditions as a function of the number of revolutions of the slip ring.
The initial surface of the copper slip ring was examined by Auger
electron spectroscopy (AES) techniques and found to be almost
completely covered by surface impurities largely consisting of carbon.
As the slip ring was rotated in contact with the brushes, the imparity
concentration declined sharply to less than ten at% after several
hundred revolutions. A corresponding decrease in electrical contact
resistance and a sharp increase in friction and wear were also
observed. Regardless of polsrity, the brush with the higher contact
pressure had the lower contact resistance. The in situ experiments
were terminated when the motor turning the slip ring could no longer
overcome the adhesive forces between the brushes and slip ring.
Subsequent scanning electron microscopy observations of the brush
and slip ring surfaces gave supplementary information on the
mechanisms of friction, wear and surface cleaning during rotation.
For a given experiment the change in contact resistance during
rotation divided by the change in impurity concentration on the
surface of the slip ring is approximately the same for the positive and
negative interfaces. This paralielism of contact resistance and surface
impurity concentration suggests that the former is caused to a
significant extent by the latter. Since the surface impurities are mostly
carbon atoms, it is concluded that carbon impurities are largely
responsible for the observed contact resistance.

INTRODUCTION

OST PREVIOUS studies of electrical contact phenomena

have been concerned with experiments carried out under
normal or near normal atmospheric pressure conditions be-
cause those are the conditions of principal commercial impor-
tance [1]. Recent workers in this area, however, have used
controlied environments such as humidified carbon dioxide
{21, (3], humidified air, and helium [4] . In a few cases ultra-
high vacuum (UHV) techniques have been used to study
adhesion and contact resistance under clean surface or care-
fully contaminated surface conditions [5]-[9].

In the present experiments in situ measurements were made
on a copper slip ring rotating in contact with two copper wire
brushes [3] running on different tracks under ultrahigh
vacuum conditions. The average electrical contact resistance of
each brush-slip ring interface was measured along with the
chemical composition of the surface of the slip ring as a func-

Manuscript received May 30, 1980; revised October 23, 1980. This
work was supported by the Office of Naval Research under Contract
N00014-79-C-0763. This paper was presented at the 26th Annual
Holm Conference on Electrical Contacts, Chicago, IL, September
29-October 1, 1980.

The authors are with the Department of Chemical Engineering and
Materials Science, 409 Link Hall, Syracuse University, Syracuse, NY
13210.

tion of the number of revolutions. Subsequent examination of
the contact surfaces by scanning electron microscopy was also
carried out. The results allow correlation of contact resistance
with interfacial chemical composition.

EXPERIMENTAL DETAILS

A stainless steel ultrahigh vacuum system was used to
investigate electrical contact phenomena associated with rota-
tion of a copper slip ring in contact with two copper wire
brushes running on different tracks. Residual pressures in the
low 10~°-torr range were obtained in the unbaked system
after several days of pumping by an arrangement consisting
of a titanium sublimation pump and a Vac-ion pump.

Fig. 1 shows the arrangement of the slip ring which rotates
in contact with two Cu wire brushes. The brushes are pressed
against the slip ring by means of a stainless steel spring that is
electrically insulated with ceramic beads. The brushes can be
removed from the contacting slip ring surface by manipulating
two linear-rotary vacuum feedthroughs. The slip ring is axially
attached to a magnetically coupled rotary feedthrough, which
is turned by an ac motor coupled to it by a rubber beit. The
slip ring is composed of oxygen-free high conductivity (OFHC)
(99.98 percent) Cu and the brushes each consist of 362
0.127-mm (0.005-in) diameter 99.999 percent Cu wires.

The temperature of the interface is monitored in an approx-
imate way by a copper<onstantan thermocouple (TC) in-
cluded in brush 1. The thermocouple junction is located about
1 mm from the interface to avoid contact and possible surface
contamination. It is electrically insulated by means of glass
wool sleeving. The brushes are screwed to two 14.29<m long
rectangularly shaped (2.54 cm X 1.27 cm) stainless steel elec-
trodes, each having a smooth hinge in the middle. This hinge
lets the brush move away from the slip ring but prevents it
from collapsing towards the slip ring. These electrodes are then
attached to two 9.5-mm diameter OFHC Cu-<eramic vacuum
feedthroughs (CL). This arrangement provides a low series
resistance to the contact resistances. The voltage leads (VL)
are clamped near to each brush to avoid the relatively large
and erratic hinge resistance. The brushes are arranged at 180°
to each other and axially displaced (1.6 cm) to make separate
tracks on the slip ring. The whole brush-slip ring assembly is
mounted on a specimen manipulator capable of x,y,z displace-
ments. The UHV system contains an Auger cylindrical mirror
analyzer (CMA), a 3keV sputter ion gun, and a 90° magnetic
sector partial pressure analyzer (see Fig. 2).

Before each experiment, the surfaces of the OFHC copper
slip ring and the wire brushes were mechanically polished with
emery papers down to grit 600-A and then rinsed in acetone

0148-6411/81/0300-0036500.75 © 1981 IEEE
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Fig. 1. Schematic of UHV vacuum chamber, rotational feedthrough
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Fig. 2. Top view of slip ring-brush assembly, CMA, sputter-ion gun,
mass spectrometer, and other feedthroughs in UHV chamber.

and ethanol. Each brush was mounted with a thin (0.75-mm
thick) stainless steel sheet behind it to stiffen it. The end of
the stainless steel sheet was located approximately | mm away
from the slip ring surface.

The slip ring was electrically grounded by means of thick
copper wires sliding on the stainless steel axis, the neutral
contact. The contact resistances between 1) the positive brush
and slip ring and 2) the negative brush and slip ring were
recorded on a dual pen recorder. Each measured resistance,
therefore, includes a small lead resistance as well as the contact
resistance at the brush. Since no appreciable current flowed
through the neutral contact, its voltage contribution can be
neglected. Experiments were performed with four brush direct
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currents: SO mA, 5 A,30 A and 32 A. The same current went
through both brushes. With the brushes retracted, the slip ring
rotated at a speed of about 150 r/min, measured by an optical
tachometer. During the experiment, the rotational speed of
the slip ring was measured at regular time intervals along with
the input power to the motor. The temperature of brush 1
during slip ring contact was automatically recorded on a
Honeywell temperature chart recorder at intervals of 30 s.

The CMA of the Auger spectrometer could examine the
positive and negative brush traces on the slip ring surface by
taising or lowering the slip ring assembly with the bellows-
sealed specimen manipulator after the brushes were retracted
with the two lineartotary motion feedthrus. The Auger elec-
tron spectrometer was fully controlled by a Hewlett-Packard
9825A desktop computer using a multiprogrammer. Typical
Auger traces covering a 50-1300-eV range were directly digi-
tized with an energy increment of 0.65 eV. Computerized
values of peak-to-peak heights of the AES signals of various
elements were obtained with a precision of one in 2000. These
Auger spectra were taken using a primary beam energy of
3 keV, a modulation amplitute of 5 V (peak-to-peak), and a
50-uA beam current. The Auger spectra were taken while the
slip ring was rotating and the brushes were retracted, thus
giving an average surface composition of the track. Residual
gas analyses were also performed before and after the contact
resistance measurements were carried out.

After the experiment was over, the slip ring and brushes
were removed from the vacuum chamber. SEM pictures were
then taken of both the positive and negative surface tracks and
also of the brush contact surfaces.

RESULTS
A. Contact Resistance and Friction Measurements

The contact resistance measurements are shown in Figs. 3
and 4 for both positive and negative interfaces and for forward
and reverse brush polarity. Clearly, the contact resistance
decreases with the increasing number of revolutions at ambient
temperature. In addition the curves are more or less parallel to
each other indicating that the initial conditions determine
whether a curve is “high™ or “low.” These initial conditions
include such variables as surface impurities, brush wire orienta-
tion and stiffness, lead resistance, contact force, etc. Also the
frictional force increased substantially, resulting eventually in
appreciable vibration caused by alternate welding and fracture
at the interface. Finally, the motor stopped rotating due to
excessive friction. In addition, the rotational speed of the
motor driving the slip ring decreased by about 25 percent
(from 150 to 115 r/min) while the current to the motor
increased by about 20 percent (from 96 to 115 mA) during
the experiments. '

In Figs. 3 and 4 the circled points indicate the contact
resistance R before the slip ring started rotating and after it
stopped. It is clear that R did not depend significantly on the
angular velocity of the slip ring, since the circled values for a
nonrotating slip ring are essentially the same as those obtained
when it was rotating. The total number of slip ring revolutions
at the time each resistance was measured was calculated from a
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graph of the speed of rotation versus time of the experiment.
Figs. 3 and 4 also show that the number one brush-slip ring
interface (Fig. 1) always had the lower resistance. This result is
due to the higher contact force exerted on brush 1. It arises
from the manner in which the forces on these brushes are
applied. Ex situ experiments showed that the forces needed to
break electrical contact on brushes 1 and 2 were 2.55 and 1.76
N (260 and 180 g-mass), respectively.

B. AES Results

In each experiment, Auger electron spectra were taken in
situ from both the positive and negative brush tracks on the
slip ring before and after (but not during) the contact resist-
ance measurements. The brushes were retracted during the
AES measurements and the slip ring was continuously rotated.
This procedure gave the average impurity concentrations of

the whole track with only negligible loss in resolution. Peak-to-
peak heights of all Auger signals were normalized [10], [11)
to fractional atomic surface concentrations without making
any other corrections [12], [13]. The observed decrease in
the impurity concentration during rotation is given in Table I.
The Cu and C concentrations are listed along with the sum of
all the impurity concentrations. These impurities consisted of
C, 8, 0, C1, N. No clear correlation of final impurity concen-
tration with current or with the positive and negative brushes
was observed, suggesting that any possible electromigration
effects were not significant in the present study. On the other
hand, the change in contact resistance AR divided by the
change in concentration A/ of the surface impurities on the
slip ring was approximately the same for the (+) and (-)
interfaces in each of the experiments.

An additional set of experiments was performed to deter-
mine the surface composition of the slip ring as a function of
the number of revolutions n, rather than just before and just
after the resistance measurements were made. These results
showed that the change in impurity concentration with n
more or less parallels the change in contact resistance.

At the end of each experiment and before the system was
opened to dry nitrogen, AES measurements were made on the
rotating slip ring (brushes retracted) to determine the magni-
tude and nature of impurity buildup on the surface due to the
residual gases present in the system. It was found that the con-
centrations of all the impurities increased only very slightly
with time. The rate of increase of the total impurity concen-
tration on the rotating slip ring varied from 0.05 to 026 at%
per minute. This effect, therefore, has a negligible influence on
the results presented in this report. These results along with
the temperature increases observed in the number one brush
are listed in Table 1.

C. Scanning Electron Microscopy

SEM pictures of the brush tracks on the slip ring, taken
after the slip ring was removed from the vacuum system,
showed that the surface material was smeared out in the track
areas, suggesting that the initial surface impurities were buried
during rotation. Aiso small pieces of brush wires W can be seen
to be adhering to various places on the slip ring as shown in
Fig. 5. The ridges shown in this micrograph lie paralle} to the
direction of travel. Each ridge arises from random localized
welding of a wire to the slip ring during rotation resulting in
tensile plastic deformation of the region near the weld area
along the direction of motion and eventual fracture of the
weld. Continued rotation tends to smooth these areas into
ridges. SEM pictures of the brush ends also showed occasional
abrupt, broken ends of wires, along with smeared out flat
regions also containing ridges, as shown in Fig. 6.

DISCUSSION

A series of experiments in which an OFHC Cu slip ring
rotated in contact with a multiwire 99.999 percent Cu brush
was carried out under UHV conditions. The current densities
used were 1.09, 109, 654, and 698 A/cm?. Both forward and
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TABLE |
COPPER WIRE BRUSH-COPPER SLIP RING EXPERIMENTAL DATA
Composition L Compos ition Contact Resist Incresse
Brysh Mazimum | Brush |before rot.{a/o) of after rot.{(a/o) |before after }sR/sl®] tn Drush
pressure | current [Cy total C] rot [3 total JC| rot. rot. temp. 8t
10'9 torr | (amps) impurities (n} Lwr!n {=n) {en) ed (%)
1 . |2 58 “" 98.31 V7|10 Y20 0.47{0.01) n
4 0.05 825
2 - |46 54 37 97.9] 2.1]1.4¢1 1.78 1.1710.002 -
1 - 159 a 34 9.41 3.6]2.3] 2.40 0.60 | 0.048 9
6 -0.05 675
2 + |60 40 30 97.6] 2.4f1.5] 3.5 1.50 ] 0.053 -
1 v |56 4“ 30 8r.9|12.1]7.9] V.08 0.64]0.013 13
4 § 365
2 - |51 49 33 86.7]13.119.3| 2.40 1.6810.020 -
1 - |60 40 k) 94.8] 5.2]3.4] 0.92 0.48]0.013 n
5 -5 308
2 + |56 44 38 94.2| 5.8[3.8] 1.92 1.45] 0.012 .
1 + Jag 52 LH 97.1) 2.9]2.0] V.60 0.85]0.015 [
) 32 710
2 - |53 47 35 95.2] 4.8)3.7] 1.13 1.0110.017 .-
1 - | 69 59 91.5| 8.5]3.5} 1.40 0.54]0.014 17
4 -30 400
2 + |32 68 55 92.2] 7.8]3.8] 2.5 1.49]0.017 -

*.1 represents the total change in surface impurity concentration.

Fig. S. SEM photograph of OFHC Cu slip ring, negative track, show-
ing topography and broken brush wire pieces W. Arrow gives direc-
tion of relative brush motion.

Fig. 6. SEM photograph of wear surfaces on Cu wires of brush. Arrow
gives direction of motion of the slip ring across these surfaces.

reverse polarity experiments were carried out. Use of a neutral
brush permitted the measurement of contact resistance for
both the positive and negative interfaces. No systematic rela-
tionship between contact resistance and current density was
observed. An Auger electron spectrometer was used to deter-

mine the chemical composition of the positive and negative
tracks on the slip ring.

The results show that, for each experiment, the ratio of the
change in resistance AR to the change in surface impurity
concentration Al is approximately the same for the positive
and negative brushes. Carbon was found to be the major
constituent of the impurity concentration. However, for
different experiments, the surface composition and contact
resistances do not correlate well. This result is due to differ-
ent initial conditions in different experiments, such as slightly
different lead resistances, different chemical composition at
the initial interface, and different contact pressures and
geometries of the brush wires. These experimental variables
presumeably gave rise to the parallelism of the contact resist-
ance curves in Figs. 3 and 4. On this basis it is the change in
contact resistance AR that is due to the chemical impurities at
the brush-slip ring interface, the absolute values being due
largely to systematic experimental variables determined by the
initial conditions of the experiment.

It should also be noted that the initial interfacial impurities
are distributed throughout a volume of material close to the
initial interface by the mechanical “mixing” arising from the
plastic deformation that occurs while the slip ring rotates in
contact with the brushes. Thus an initial interfacial resistance
is converted to the volume resistance of a thin layer near the
original interface during the course of the experiment. The
electrical resistance of this layered distribution of impurities
is significantly lower than that of the initial surface distribu.
tion of the same impurities. Nevertheless, it will depend on the
total number of impurities at the original interface and, of
course, the number of slip ring revolutions that have occurred.
Thus the curves in Figs. 3 and 4 would be expected to have
small vertical displacements, after hundreds of revolutions,
determined by the total surface impurity concentration at the
initial interface.

It was also observed that the contact friction increased
substantially as the contact surfaces became cleaner. As the
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rotation proceeded the frictional forces increased until the
adhesive forces on the clean portions of the interface exceeded
the available torque of the motor turning the slip ring. At this
point permanent welding occurred, and it caused the slip ring
to stop rotating. The SEM work showed that pieces of the
brush wires had broken off and became permanently welded
to the slip ring. The wear surfaces themselves consisted of an
extremely rough and ridged topography that had clearly
undergone severe plastic deformation.

Finally, the temperature measurements indicated that
during rotation the temperature near the interface rose some
10 to 25°C above room temperature, the higher values apply-
ing to the higher current densities. Apparently much higher
temperatures were prevented by the high thermal conductivity
of the brush and slip ring materials. Clearly, the temperature
increase was not significantly related to the current density
since an increase in current of more than two order of magni-
tude resulted in only a modest rise in temperature. These
results suggest that interfacial friction, rather than current
density may be the principal contributor to the temperature
increase observed in the present experiments.
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ABSTRACT

The chemical composition and the electrical and mechanical properties of
the interface between a Cu slip ring that rotates in contact with two Cu wire
brushes were investigated by Auger electron spectroscopy (AES), scanning elec-
tron microscopy (SEM), contact resistance, and frictional force measurements.
The experiments were carried out in an ultra high vacuum system and in an en-
vironment of 1 x 10'4 torr of wet COZ. The contact resistance at both the
positive and negative interfaces decreased with increasing number of slip ring
revolutions while the frictional force increased. Under the wet 10'4 torr
CO2 environment the increase in frictional force was smaller than that in
high vacuum, which suggests that wet CO2 has a lubrication effect even at these
relatively low pressures. In situ AES measurements showed that the composition
of the slip ring surface, which was initially covered by about 50 atomic ; -
cent (a/o) of carbon, changed drastically during rotation. After many revolu-
tions it approached that of a clean Cu surface (total impurities <10 a/o).

The decrease in contact resistance with the number of slip ring revolutions
more or less paralleled the decrease in total impurities in the high vacuum
experiments. This parallelism suggests that the contact resistance is caused

predominantly by the surface impurities. No systematic relationship between

contact resistance and brush current density was observed. SEM observations
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showed that the surface material was smeared out in the brush track areas and

that the initial surface impurities were buried during rotation.

I. INTRODUCTION

The current-carrying capacity and the dynamic friction and wear properties
of electrical contacts are important technological considerations which are
presently not very well understood. The application of some of the toolsl'5
of surface science to these problems has brought with it an increased under-
standing of the complexity of the situation. The present report describes the
results obtained in the application of some of these techniques to an in situ
study of the interface between a rotating slip ring in contact with two wire
brushes in high vacuum (10']0torr) and under an environment of 1 x 10'4 torr
wet COZ' It represents the initial stage of a broader research program in
which the effects of controlled gaseous environments will be determined. Pre-

1iminary results of the high vacuum work were presented at the International

Vacuum Conference6 in Cannes in 1980.
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II. EXPERIMENTAL ARRANGEMENT AND METHOD OF MEASUREMENT

A stainless steel UHV system (base pressure mid 10']0 torr range) was used
to study electrical contact phenomena associated with rotation of a copper
slip ring (OFHC-99.98%Cu) in contact with two copper wire brushes (each consis-
ting of 362, 0.005" diameter, 99.9%Cu wires) running on separate tracks7- The
brushes were pressed against the slip ring surface by means of an insulated
steel spring. They can be removed from the surface by manipulating two linear- .
rotary vacuum feedthrus. The slip ring is attached to a magnetically coupled
rotary vacuum feedthru which is turned by an A.C. motor coupled to it by a
rubber belt. The UHV system contains an Auger cylindrical mirror analyzer
(CMA), a 3 KeV sputter ion gun, and a 90° magnetic sector partial pressure
analyzer. Schematic arrangements of the UHV chamber, slip ring-brush
assembly, CMA, sputter ion gun, mass spectrometer and linear-rotary vacuum feed-
thrus are shown in Figs. 1 and 2.

The wet CO, environment was obtained by the mechanism shown in Fig. 3.

2
This arrangement allows for an initial evacuation of the stainless steel tubing
via a liquid nitrogen trapped oil diffusion-rotary pump system attached to
valve 3 and a final evacuation (with valve 3 closed) through the UHV leak valve
into the ion pumped UHV system. In the latter case the gas manifold was baked
until a pressure in the low 10'8 torr range was achieved in the UHV system.
Gases dissolved in the water were flushed out first with helium (via valve 7)
and then with COZ from the cylinder. The water/CO2 mixture was then doubly
distilled by placing successively liquid nitrogen baths around traps #1 and 2.
The water/CO2 mixture in trap 2 was then allowed to melt. Wet CO2 was then
introduced to the UHV system by running CO2 from the cylinder through valve 4,

through the doubly distilled H20/C02 solutions in trap 2, and finally through

the UHV leak valve.
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The surfaces of the slip ring and the wire brushes were polished smooth with

emery paper (grit 600-A) and then rinsed in acetone and ethanol before being

put in the vacuum system. The slip ring was electrically grounded and the con-
tact resistances between (1) the upper brush and slip ring and (2) the lower
brush and slip ring were recorded on a dual pen recorder for brush currents of

50mA, 5A, and 30A in vacuum, and 50mA and 30A under 1 x 10'4

torr wet CO2 en-
vironment. With brushes retracted, the slip ring rotated at a speed of about
150 rpm, measured by an optical tachometer. The normal force on each brush

was measured. The average frictional force was determined from the decrease

in rotational speed of the slip ring by comparing it to a calibration involving
known torques applied to the slip ring in a separate experiment in air. The
Auger electron spectrometer used to determine the elemental surface composition
of the slip ring surfaces was controliled by a Hewlett Packard 9825A desktop
computer using a multi-programmer. Typical Auger traces covering a 50 to

1300 eV range were directly digitized. Computerized values of peak to peak
heights and concentrations of the various elements were obtained. After each
experiment was over, the slip ring and brushes were removed from the chamber

so that SEM pictures could be taken of both the upper (1) and lower (2) surface

tracks on the slip ring and also of the brush contact surfaces.
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II1. EXPERIMENTAL RESULTS

A. High Vacuum Condition

1. Contact Resistance and Friction

- The contact resistance decreased with increasing number of revolutions.
Also the rotational speed of the motor driving the slip ring decreased while
the current to the motor increased, both as a result of increasing frictional
force. Alternate welding and fracture at the interface resulted in an appreci-
able vibration culminating in permanent welding, which caused the motor to stop.
The ratio of the frictional force to the measured average normal contact forces
on both brushes gave the average coefficient of friction u. The contact resis-
tances for the upper (R]) and lower (RZ) interfaces at a 5 Amps. D.C. brush
current and the corrected6 average u are shown in Fig. 4. Similar results for
the contact resistance were also obtained for 50mA and 30A brush currents.
In Fig. 4 the circled points indicate the contact resistances R before the slip
ring started rotating and after it stopped. It is clear that R did not depend
significantly on the angular velocity of the slip ring. The lower contact re-
sistance at the upper brush was due to the higher contact force there. It
arises from the manner in which the forces on these brushes were app1ied8. In
the experiment of Fig. 4 the normal brush forces needed to break electrical
contact with the slip ring were 260 (upper brush) and 180 (lower brush) ams
respectively, No systematic relationship between contact resistance and cur-
rent density was obgerved. Also no effect of polarity on contact resistance
was detected. In any case a possibly small influence would have been difficult
to observe in the presence of the dominant effect arising from the different

contact forces on the brushes.
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2. AES Measurements

Elemental surface compositions of each of the brush tracks on the slip ring and
the interface contact plus lead resistances for both brushes were reported
earlier as a function of the number of revolutions n for a 50mA brush currents.
Figure 5 shows a similar graph except that the current was increased in 5A
steps after a certain number of revolutions. The circled points represent the
values before the slip ring started rotating. In this set of experiments a
different lead arrangement from that used for Fig. 4 was employed for the con-

tact rasistance measurements. The experiments in Fig. 5 included higher lead
resistances. Also the normal brush contact forces were comparatively small
(161 to 116 gms), leading to an increased number of revolutions prior to per-
manent welding. During AES measurements the brushes were retracted and the
slip ring was continuously rotated. The measurements thus gave the average
surface concentrations of the whole track, with only negligible loss in reso-
lution. Peak to peak heights of all Auger signals were normalized to fraction-
al atomic surface concentrations without making any other corrections. Nitro-
gen, oxygen, chlorine and sulfur were also detected in addition to the impuri-
’ ties shown in Fig. 5, but their concentrations decreased to less than approxi-
' mately 1 a/o from initial values that were less than 8 a/o. Fig. 5 shows that
the change in impurity concentration with n more or less parallels the change
in contact resistance. A similar parallel was also observed in experiments in
which a constant current of 50mA was used. The results suggest that the inter-
face impurity concentration is directly related to the contact resistance.
Finally no significant electromigration effects up to current densities of

654 amps/in2 were detected.
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3. Scanning Electron Microscopy

SEM pictures of the brush tracks on the slip ring showed that surface mater-
ial was smeared out along the track areas. Thus the initial surface impurities
appear to have been buried during rotation. Small pieces of brush wires W in
Fig. 6 were seen adhering to various places on the slip ring. The ridges shown
in this micrograph 1ie parallel to the direction of travel. Similar ridges
lying parallel to the direction of relative motion can be observed on higher
magnification micrographs obtained from the brush wire endss. The ridges in
the contact area arise from random localized welding of a wire to the slip ring
during rotation resulting in tensile plastic deformation of the region near the
weld area along the direction of motion, followed by eventual fracture of the
weld. Continued rotation tends to smooth these areas into ridges. The micro-
graph in Fig. 7 shows a worn surface of the brush wire ends on the lower brush
#2. The surfaces are rough and badly deformed. Small pieces of material are

also seen on their leading and trailing edges.

B. Wet CO2 (1 x 107 torr) Environment

Table 1 below lists the various parameters that were measured in 4 experi-
ments in a 10'4 torr wet C02 environment. After the slip ring rotated in con-
tact for about 5 minutes, the brushes were retracted and the wet CO2 was pumped
out. The AES spectra of the contact surfaces were then taken when a residual
gas pressure in the 10"8 torr range was achieved after 15 to 30 minutes of
pumping. A mass spectrum taken of this residual atmosphere (after the AES
analysis was completed) showed water vapor as its major constituent. The ini-
tially dirty surfaces of the slip ring (Cu < 50 a/o) became much cleaner (total
impurities <¥0a/o) after rotation. The surface impurities were buried in a

manner similar to that in the vacuum experiments. The higher final resistances
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at the lower brush interface were due to the lower normal forces there. The
contact resistances for the upper (Rl) and lower (RZ) interfaces for a 50mA
brush current and the coefficient of friction (u) under 1 x 10'4 torr wet CO2
environment are also shown in Fig. 4 (experiment #4 in Table 1), along with
typical high vacuum results. The same trends are observed for both sets of
experiments except that for wet CO,: (1) the magnitude of the increase of the
coefficient of friction with the number of revolutions of the slip ring was
smaller than that in vacuum, (2) the sliding contact resistances reached steady
state values, (3) cold welding did not take place, and (4) the contact resis-
tances are higher than in vacuum. A1l of these results imply that wet CO2 acts
as a lubricant even at the relatively low pressure of 10'4 torr. The higher
resistance when wet CO2 is present is most likely due to the presence of water
and CO2 molecules at the interface. Subsequent scanning electron micrographs
of slip ring tracks and brushes were taken and are shown in Figs. 8 and 9.

Both figures show that the contact surfaces are somewhat smoother compared to
the corresponding micrographs taken from the surfaces rotated in vacuum (see
Fig. 6 and 7). Also broken pieces of wires were much less in evidence for the

surfaces rotated in wet C02.




g e

DISCUSSION

The chemical composition changes on the slip ring surface before and after
rotation in contact with brushes were carefully investigated in experiments
under both high vacuum and 1 x 10'4 torr wet CO2 environments. The initial
compositions depended upon the cleaning procedure and the time the slip ring
was left in air before being put into the UHV chamber. In both cases the
initially dirty surfaces became very much cleaner after several hundred rota-
tions. Carbon was the major impurity observed on vacuum rotated slip ring
surfaces while the concentrations of sulfur and carbon were approximately
equal in the wet CO2 case where they were the major impurities observed. The
sulfur concentrations were negligible (< 1 a/o) in the vacuum experiments.
They were about 5 a/o in the wet CO2 experiments. Preliminary results suggest
that the extra sulfur in the wet CO2 case came from an impurity in the CO2

gas and not as a result of segregation from the slip ring bulk materialg. In

particular 5 to 6 a/o of sulfur also appeared on sputter-cleaned flat 99.9999%

copper samples after exposure at 25°C to wet CO2 at atmospheric pressure.
Although the magnitude of the contact resistances differ from experiment

to experiment because of inevitable differences of initial geometries, the re-

sistance curves during slip ring rotation are much more stable in a wet CO2

environment than in vacuum, This result is due to the lower friction and
4,7,10-12

smoother rotation that resulted from the lubrication effect of wet C02
The very small amounts of carbon and oxygen observed by AES on surfaces which i

had been rotated in wet CO2 indicate that CO, was physisorbed on these surfaces,

2
rather than chemisorbed. In the latter case high carbon and oxygen concentra-
tions would have been expected as a result of long mean stay times of the CO,

molecule on the surface even in vacuum. The experiments show clearly that the




opposite effect was observed. Thus physically adsorbed wet CO2 therefore ap-
pears to form a thin loosely bound lubricating Tayer between the brush and slip

ring surface and this layer introduces a somewhat higher contact resistance.
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FIG. 1 TOP VIEW OF THE UHV SYSTEM AND SLIP RING-BRUSH ASSEMBLY.

FIG. 2 SCHEMATIC DIAGRAM OF THE SLIP RING-BRUSH ASSEMBLY ATTACHED TO THE
MANIPULATOR INSIDE THE YACUUM CHAMBER.

FIG. 3 MECHANISM FOR THE INTRODUCTION OF WET COZ'

FIG. 4 CONTACT RESISTANCE AND AVERAGE COEFFICIENT OF FRICTION VERSUS SLIP
RING REVOLUTIONS. HIGH VACUUM (5 AMPS BRUSH CURRENT) AND 1 x 107%
torr WET CO, (50mA BRUSH CURRENT).

FIG. 5 CONTACT PLUS LEAD RESISTANCE AND COMPOSITION OF BOTH SLIP RING TRACK
SURFACES AS A FUNCTION OF SLIP RING REVOLUTIONS. (HIGH VACUUM
CONDITION).

FIG. 6 SEM PHOTOGRAPH OF OFHC Cu SLIP RING, TRACK 2, SHOWING BROKEN WIRE
PIECES W AND RIDGES. ARROW GIVES DIRECTION OF RELATIVE BRUSH
MOTION. (HIGH VACUUM CONDITION).

) FIG. 7 SEM PHOTOGRAPH OF THE WEAR SURFACES ON THE Cu WIRES OF BRUSH 2.
ARROW GIVES THE DIRECTION OF MOTION OF THE SLIP RING. (HIGH
VACUUM CONDITION).
F1G., 8 SEM PHOTOGRAPH OF OFHC Cu SLIP RING, TRACK 2, SHOWING RIDGED SURFACE.
ARROW GIVES DIRECTION OF RELATIVE BRUSH MCTION. (1 x 10-4 torr WET

coz).

FIG. 9 SEM PHOTOGRAPH OF THE WEAR SURFACES ON THE Cu WIRES OF BRUSH 2. ARROW
GIVES THE DIRECTION OF MDTION OF THE SLIP RING. (1 x 10°% torr
WET coz).
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ABSTRACT

The electrical contact resistance, elemental surface composi-
tion and friction of an OFHC copper slip ring rotating in contact
with two high purity copper wire brushes on different tracks were in-
vestigated in situ for heavy and light contact normal forces under a

wet CO, environment at atmospheric pressure.

Scanning electron mi-

croscopy was also used to characterize the slip ring and brush sur-

faces.

Previous work in ultra high vacuum showed that as rotation

proceeded, interfacial impurities were almost totally removed, the
electrical contact resistance decreased, and the friction increased

until cold welding occurred.

In the present work, the slip ring sur-

face was sputter cleaned (Cu >95%) before contact rotation and was

only slightly contaminated after rotating in wet CO..

Both the con-

tact resistance and friction decreased quickly and reached steady
state values almost simultaneously in the early stages of rotatfon.

Also cold welding phenomena did not occur.

Scanning electron mi-

crogrpahs taken after each experiment showed that the surfaces of

the slip ring tracks

and the brush wire ends were much rougher when

heavy contact normal forces were used than in the light normal force

condition.

A1l of these results confirm that waet CO, is an effec-

tive lubricant for Cu to Cu electrical sliding contacts.

INTRODUCTION

Most previous studies of electrical contact
phenomena have been carried out under normal at-
mospheric conditions. Recently, however, it has
been found that the electrical and mechanical
properties of rotating electrical contacts can be
strongly influenced by the gaseous environment in
which they operate.!=? One particularly auspi-
cious environment is wet CO, at atmospheric pres-
sure. Not only does it give rise to low values
of friction and wear, but it also permits the
flow of high currents across the interface.* In
the present work this environment was used in a
study of the interface between a Cu wire brush
and a rotating Cu slip ring across which a high
current flowed. The elemental composition of the
surface of the s1ip ring was measured in situ
with Auger electron spectroscopy (AES) as a func-
tion of exposure and the number of rotations in
contact with the brush. Similarly measurements
of electrical contact resistance and friction
were made. The surfaces of both the brushes and
slip ring were examined subsequently by scanning
electron microscopy (SEM). Both high and low nor-
mal contact forces were used in the experiments.
The results were different from those carried out
earlier under ultra high vacuum (UHV) conditions
in several significant ways.®

EXPERIMENTAL DETAILS

Figure 1 shows a block diagram of the com-
piete experimental system, A stainless steel UHV

system was used to investigate electrical contact
phenomena associated with rotation of a copper

slip ring in contact with two copper wire brushes
running on different tracks. Residual pressures
in the low 10°° torr range were obtained in the
baked system. The brushes are pressed against
the slip ring by means of an electrically insu-
lated stainless steel spring. They can be re-
moved from contacting the s1ip ring surface by
manipulating two linear-rotary vacuum feedthrus.
The slip ring is axially attached to a magneti-
cally coupled rotary feedthru which is turned by
an A.C. motor coupled to it by a rubber belt.

The s1ip ring is a 1" diameter cylinder of OFHC
(99.98%) Cu and the brushes each consist of

362, 0.005" diameter, 99.999% Cu wires. The
whole brush-slip ring assembly is mounted on a
specimen manipulator capable of x, y, z displace-
ments. The UHV system also contains an Auger
cylindrical mirror analyzer (CMA), a 3 Kev sput-
ter ion gun and a 90° magnetic sector partial
pressure analyzer. The details of the slip ring-
brushes assembly, UHV system, and AES measure-
ments were given previously.®"’

The surfaces of the slip ring and wire
brushes were polished smooth with emery paper
(grit 600-A), rinsed in acetone and ethanol, and
then cleaned in an ultrasonic bath for 30 min.
before being put in the vacuum system. After the
system was baked and pumped to 5 x 10** torr pres-
sure, Auger spectra were taken from the contami-
nated slip ring surface (Cu < 50%). Then argon
was introduced into the vacuum chamber through
the Yeak valve to a pressure of 1 - 2 x 10-% torr
and the slip ring surface was sputter cleaned for
2.5 hrs. with a primary electron beam setting of
3000 volts and 30 mA. Subsequent AES measure-
ments showed that the slip ring surface was almost
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FIG. 1. Block diagram of UHV system and attach-
ments for the electrical sliding contact
experiments.

completely cleaned (Cu > 99% in the center region
of the bombarding ion beam).

Wet CO, at atmospheric pressure was obtained
by allowing the gas to flow through a distilled
water trap and then into the vacuum chamber via a
vacuum leak valve. The detailed procedures will
be reported elsewhere.® The rotating electric
contact experiment was then performed with 30 amps
current running through the contact interfaces.

An angular velocity of ~ 150 rpm was used. During
the experiment, the slip ring was electrically
grounded by means of thick copper wires sliding on
the stainless steel axis, the neutral contact.

The contact resistances between (1) the lower
brush and sVip ring and (2) the upper brush and
slip ring were recorded on a dual pen recorder,
The rotational speed of the slip ring was measured
with an optical tachometer along with the input
power to the motor. The frictional force was de-
termined from the calibrated decrease in rotation-
al speed of the slip ring.? Then the ratio of the
frictional force to the sum of the measured normul
contact forces on both brushes gave the coeffi-
cient of friction u.

After 10 minutes of rotation, the brushes
were retracted and the wet C0, was pumped out.

AES spectra of the contact surfaces were taken
when a residual gas pressure in the 10°® torr
range was achieved after at least 30 hrs. of pump-
ing. Subsequent sputtering and AES spectra were
taken alternately at regular intervals to get the
concentration depth profiles of the elements on
the slip ring surface. After the experiment was
over, the slip ring and brushes were removed from
the vacuum chamber. SEM pictures were taken of
both the lower and upper surface tracks and also
of the brush contact surfaces.

RESULTS

A. Contact Resistance and Friction Measurements
The coefficients of friction and the elec-

trical contact resistances of both the lower and

upper interfaces for two different experiments are
shown in Fig. 2. Both were carried out under
similar conditions except for different contact
forces. Ouring rotation a direct current of 30
amperes (approximately 4200 A/in?) ran through the
contacts. The subscripts s, w, u, £ in Fig. 2
denote strong spring, weak spring, upper interface
and Yower interface respectively, e.g. Ryp (27g)
denotes the electrical resistance of the lower in-
terface in the weak spring experiment. 27g is the
corresponding contact normal force. Contrary to
the corresponding experiments carried out in UHV,®
the coefficients of friction in the present experfi-
ments decreased with increasing number of slip
ring revolutions until steady state values were
obtained. Although the electrical contact resis-
tances of the lower and upper interfaces in the
present experiments decreased with increasing num-
ber of slip ring revolutions, as in the UHV ex-
periments, they reached their steady state values
more rapidly and remained stable without adhesion
in the former case. This stability and lack of
cold welding demonstrated the lubricating function
of wet C0,. In addition the resistance curves
were more or less parallel to each other, indicat-
ing that the initial conditions determined whether
a curve was "low" or "high". These initial condi-
tions include such variables as brush orientation,
stiffness, and contact force. In the latter case
& higher contact force always resulted in a lower
contact resistance, as expected.

B. Auger Electron Spectroscopy

The elemental compositions of the lower track
(track one), upper track (track two) and neutral
track (track zero, which is between tracks one
and two) of the slip ring surface before sputter-
ing, after sputtering and after running in wet
CO, for the strong and weak spring experiments are
listed in Table 1. The elemental balances {n

UMM TRACK DGR el
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FIG. 2. Electrical contact resistances and coef-
ficients of friction vs. number of slip
ring revolutions under one atmosphere of
wet CO, and 30 amps brush current (4.2

KA/in? or 654 amps/cm?). Notations - see
text.




Table 1 mainly consisted of chlorine and nitrogen.
The slip ring surfaces for botn experiments were
initially largely covered by impurities. With the
ion sputter gun aimed at the neutral track region,
v.e. between tracks 1 and 2, very clean surfaces
were obtained for all three tracks in the weak
spring experiment. In the strong spring experi-
ment similar cleaning effects were observed after
sputtering, but somewhat more impurities remained
on track 1 and the neutral track regions because
the ion gun had been aimed at track 2 instead.
After running in wet CO,, the slip ring sur-
faces became contaminated only slightly (see
Table 1). The major contaminants were carbon and
sulfur. Notice also that the contamination in the
near surface region is less serious in the strong
than in the weak spring experiment. Figures 3 and
4 show the elemental depth profiles of sulfur and
carbon on the slip ring after running in one atmo-
sphere of wet C0:. The order of taking AES was
track 2, neutral and track 1. The impurities on
the neutral track generally were more easily sput-
tered away because they were only adsorbed on the
surface of the slip ring. The impurities on
tracks 1 and 2, however, took a longer time to be
sputtered away because they were buried in the
near surface region of the copper substrate by the
mechanical mixing action of the brushes. Ffor ex-
ample in Fig. 4, it took four times as long for
the carbon concentration to reach the initial (or
"background") level in the case of track 2 than
for the neutral track. Note also from Table 1 and

Figs. 3 and 4 that the mechanfcal mixing of impur-
jties in the near surface region by the brushes is
more significant when there are 1ight loads on the
brushes.

Table 1 Elemental Compositions of S1ip Ring Tracks Before Sputtering, After Sputtering and After
Rotating in Wet CO, (and 30 hrs of pumping) for the Strong and Weak Spring Experiments
Concentration on slip ring (¢ 0.1 a/o)
Strong .pring Weak Spring
Before After After Rotating Before After After Rotating
Track Sputtering Sputtering in wet CO; Sputtering Sputtering in wet CO;
1 48.4 83.6 93.3 39.9 99.4 88.0
Cu 0 29.8 95.8 91.8 45.7 99.1 89.3
2 16.9 99.0 93.3 49.8 99.7 88.8
1 0.0 0.1 4.5 0.0 0.0 4.7
S 0 0.0 0.1 3.2 0.0 0.2 5.0
2 0.0 0.1 4.8 0.0 0.0 5.2
1 35.3 12.9 2.2 40.9 0.6 7.3
c 0 59.7 3.6 4,7 39.3 0.5 5.5
2 68.9 0.6 1.6 35 0.2 , 5.6
1 15.6 3.3 0.0 14.2 0.0 0.0
0 0 10.4 0.3 0.2 12.9 0.0 0.1
2 14.2 0.2 0.1 1.4 0 C 0.2
§ 1 0.7 0.1 0.0 5.0 0.0 0.0
{E 0 0.1 0.2 0.1 2. 0.2 04
«© 2 0.0 0.1 0.2 3.7 0.0 0.2

A separate experiment was done to examine
the high concentration of sulfur on the slip ring
surface after rotating in wet -:C02. A very pure
flat copper specimen {99.9999%) was cleaned and
mounted on the manipulator in the URV chamber.
The systean was evacuated and the Cu specimen
cleaned by sputter ion etching. It was then ex-
posed to one atmosphere of wet CO,. which was
then pumped out. Although all measurements and
experimental processes took place at room tempera-
ture without any mechanical disturbance of the
surface, the sulfur concentration on the flat
specimen surface was found to be about the same
(~ 5 a/o) as that of the slip ring surface after
rotating in contact with two brushes in one atmo-
sphere of wet C0;. See Table 1. C(Clearly, the
extra amount of sulfur on the surfaces of both
the flat specimen and the slip ring came from an
impurity in the C0, gas and not as a result of
segregation from the bulk of the Cu sample.?

C. Scanning Electron Microscopy

SEM pictures of slip ring tracks and brush
wire ends for both the strong and weak spring ex-
periments were taken after the experiments were
over and the manipulator was taken out of the
vacuum chamber. Figures 5 and 6 show the brush
wire ends after each experiment. Clearly the
contact surface of the brush wire end in the weak
spring experiment is much smoother than that in
the strong spring experiment. The rough region
of the brush wire in Fig. 6 was produced by the
initial emery paper polishing prior to insertion
in the UHV chamber. It apparently did not touch
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FIG. 3. Sulfur concentration depth profile on
slip ring surface after rotating in wet
€0, {weak spring condition).

FIG. 6. SEM of a single brush wire end after
sliding contact in wet C0, (weak spring
condition, upper brush-positive).
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FI1G. 4. Carbon concentration depth profile on
sYip ring surface after rotating in wet
C0. (weak spring condition).

FIG. 7. SEM of slip ring track after sliding
contact in wet CO; (strong spring condi-
tion, lower track).

the slip ring during rotation. On the other hand,
the brush wire end in Fig. 5 shows a smoother sur-
face and longer ridges compared to the rough re-
gion in Fig. 6. This surface resylted from fric-
tional contact during rotation. Figures 7 and 8
show SEM pictures of slip ring tracks after the
gtrong :nd weak spring experiments respectively.
bviously thesizes of the ridges in the surface
FIG. 5. ig?ugzgaczlggli ?;"32:"185 fzgr::;e:pring of the s1ip ring track are much smaller in the
dition, lower brush-negative). weak than in the strong spring experiment. These
condition, results dramatically show that the contact normal
force plays an important role in determining the
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FIG. 8. SEM of slip rini track after sliding con-

tact in wet CO;

properties of a rotating electrical contact: the
smaller the contact normal force, the lower the
contact frictional force and consequently the
smoother the contact interface.

DISCUSSION

In these experiments an initially clean cop-
per slip ring rotated in electrical and mechanical
contact with two copper wire brushes through which
a current of approximately 4200 A/in? flowed.
Rotations were made in a UHV system that had been
back filled with wet Cu, at 1 atm pressure. Both
strong and weak normal forces were applied to the
brushes in successive experiments. The results
show that except for a slight S contamination, ro-
tation in wet CO, does not contaminate the surface
of the slip ring. Since the surface remained
essentially clean, the lubricity of the thin fiilm
at the interface pust be due only to the K,0 and
€O, molecules tHat are present.

In previous experiments carried out in UHVS.?
it was shown that the interface became much
cleaner as the copper brush rotated over the cop-
per slip ring. The present results in wet CO;
are consistent with the earlier result. In addi-
tior. it was found that weak contact forces result-
ed in greater near surface bulk mixing of surface
contaminants than stronger springs. This inter-
pretation follows from the Auger depth profile
studies. One can conclude that the greater pene-
tration of the brush asperities into the bulk of
the slip ring in the case of a stronger normal
force is less effective in distributing the con-
taminants in the near surface regfon.

It was also found that the adsorbates during
rotation were pumped off in less than 30 hours.
This result means that they were not very tightly
bound to the copper surfaces. We could not ex-
amine the surfaces by AES in a much shorter time
because of the high residual gas pressure in the

weak spring, lower track).

vacuum system. These results are consfstent with
the known desorption energies of water on metal
surfaces, which range from 22-24 kcal/mole.}®
Since the adsorption energy of C0, is much less
than that of H,0, it is expected that the H,0
molecule aids in the adsorption of CO, during ro-
tation.

The decreases in electrical contact resis-
tance and friction during rotation presumeably a-~
rise from an increase in the contact area as the
asperitics on the contacting faces are smoothened.
This effect is most noticeable in the weak spring
case where the normal forces were in the nefghbor-
hood of 30 to 50 g. Because cold welding did not
occur in the wet CO, case, as was observed in UHY,
the H,0-C0, molecules must form a more or less
continuous layer at the slip ring - brush inter-
face. 1f this layer were broken, localized cold
welding would occur. Presumeably, the higher
friction in the case of higher normal forces a-
rises from the partial fracture of this H,0-CO,
layer. One also expects that on the basis of
+his model, the thickness of the H,0-C0. interfa-
cial layer would depend on the contact pressure.
The electrical contact resistance measurements
support this view. In all cases the higher normal
force has the Tower contact resistance. It s ex-
pected that the interfacial resjistance arises from
a combination of guantum mechanical tunneling
through the C0,-H,0 layer as well as occasional,
erratic direct brush-slip ring cold welding, re-
sulting in fracture of surface regions from the
bulk and concomitant wear. It is therefore clear
from these studies that the film resistance at a
Cu-Cu interface is not due to contamination by
carbon, organic impurities, etc. but rather a-
rises from the presence of this thin H,0-CO, lay-
er at the interface.
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) ABSTRACT

The chemical, electrical and wear properties of the rotating in-
terface between OFHC Cu slip rings and two high purity Cu wire brushes
were investigated in situ in ultra high vacuum and in one atmosphere
wet CO,. The chemical composition of the slip ring surface was deter-
mined gy Auger electron spectroscopy (AES). The contact resistance
was measured by a potentiometric four point probe technique while the
wear properties of the interface and the morphology of the debris
were studied by frictional force, SEM, TED and XRD measurements. Ro-
tation in UKV of a conventionally cleaned (CC) slip ring produced a
much cleaner surface. The contact resistance of both brush interfaces
decreased and the frictional force increased with increasing number of
revolutions. After many revolutions the brush and slip ring welded.
The decrease in contact resistance with the number of slip ring revo-
lutions more or less paralleled the decrease in total impurities. Ro-
tation in wet COp of CC slip ring and brushes also produced much
cleaner surfaces. On the other hand initially argon ion sputter
cleaned surfaces (SP) became slightly contaminated (mainly C and S)
when rotated. The contact resistance at both interfaces and the co-
efficient of friction decreased with increasing number of slip ring
revolutions, finally reaching steady state values.

After each experiment, SEM examination of vacuum rotated sur-
faces showed deep ridges and broken pieces of material on the slip
ring surface and badly deformed brush wire ends. Wet CO, rotated sur-
faces were relatively smooth and shallow ridges were seen, SEM ex-
amination of wear particles collected during rotation indicated that
they may have come from both the slip ring and brush wire materials
and were rolled in the regions between the brush and slip ring. X-ray
and transmission electron diffraction from individual particles
showed a randomly oriented polycrystalline microstructure. The par-
ticles collected from the wet COp experiments were much smaller in
size than those collected in vacuum experiments. In wet COp, the con-
tact resistance was interpreted as being predominantly due go an elec-
tron tunneling mechanism through the C0,-H20 molecular layer at the
interface. As expected the thickness of the layer appeared to vary
with the contact pressure. Friction would then arise largely when the
molecular layer was occasionally broken, allowing intimate contact and
temporary welding of the brush and slip ring surfaces. Subsequent
fracture of these welds during continued rotation would initiate the
formation of wear particles. -

INTRODUCTION -

Over the last twenty years considerable effort tance, frictional force, chemical composition and
has been made theoretically (1,2) and experimen- mechanical wear. A morphological and microstruc-
tally (3,4,5) to reduce friction, wear and contact tural study of the debris formed during sliding
resistance between dynamic interfaces. Attempts contact provided important information about their
have hitherto been made to devise conditions to origins and evolution. While there are various
yield minimum contact resistance and minimum fric- techniques (7,8) available for a morphological
tion and wear between the brushes and slip ring. analysis of the wear debris, the techniques of
The brush and slip ring materials and the contact scanning electron microscopy (SEM), X-ray dif-
load and environment are the most influential para- fraction (XRD), and transmission electron dif-
meters affecting these properties. There are fraction (TED) were used in the present study.
various techniques and surface tools available for
the study of the atomic nature of the wear sur- SLIP RING-BRUSH ARRANGEMENT AND
faces (6). 1In this paper Cu-Cu dynamic contact EXPERIMENTAL PROCEDURE
interfaces are characterized in vacuum and in one ;
atmosphere of wet CO; by measuring contact resis- The brush-slip ring arrangement has already




been described in greater detail elsewhere (9,10).
A isglnless steel ultra high vacuum system of low
10 torr range capability was used to charac-
terize rotating electrical contacts. Figure 1
shows the arrangement of the Cu slip ring which

) ~—————

Fig. 1 Photograph of the slip ring-brush assemb-
ly. M-magnetically coupled rotary feed-
thru, H-brush holder, R-slip ring, B-brush,
S-spring, F-vacuum flange.

rotates in contact with two Cu wire brushes. The
slip ring is axially attached to a magnetically
coupled rotary feed thru, which is turned by an
A.C. motor coupled to it by a rubber belt. The
slip ring is of cylindrical shape, 2.5 cm. dia.,
composed of OFHC {99.98%) copper. The brushes
each consist of 362, 0.127 mm diameter, 99.999%
Cu wires. The brushes are clamped to two rec-
tangularly shaped stainless steel electrodes,
each having 2 smooth hinge in the middle. The
brushes are arranged at 180° to each other,
making an approximately 40-45° angle with the
normal to the slip ring surface and axially dis-
placed (1 to 1.5 cm) to make separate tracks on
the slip ring. The whole brush-slip ring assemb.
1y 1s mounted on a specimen manipulator capable
of X,Y,2 displacements. The UHV system includes

— ————— i St ) — - =

an Auger cylindrical mirror analyzer (CMA), a
3KeV sputter fon gun and a 90° magnetic sector
partial pressure analyzer.

Before each experiment, the surfaces of the
slip ring and the brush wire ends were mechani-
cally polished with a series of emery papers end-
ing with grit 600A and then rinsed ultrasonically
{brush retracted) in acetone and ethanol. The
contact resistances between the two brushes and
slip ring (grounded) were recorded on a dual pen
recorder. Experiments were performed with three
brush direct currents: 50mA, 5A, 30A in vacuum
and with 30A in wet CO>. With the brushes re-
tracted, the speed of the rotating slip ring was
monitored by an optical tachometer. During the
experiment, the rotational speed of the slip ring
was measured at regular time intervals along with
the input power to the motor.

The Auger electron spectrometer which was
used to examine the surface tracks was fully con-
trolled by a Hewlett Packard 9825A desktop com-
puter and multi-programmer. Typical Auger traces
covering a 50 to 1300 eV range were directly digi-
tized with an energy increment of 0.65 eV or less.
Computerized values of peak to peak heights of the
AES signals of various elements were obtained with
a precision of 1 in 2000. These Auger spectra
were taken using a primary beam energy of 3KeV, a
modulation amplitude of 1 volt (peak to peak) and
a 25pA beam current.

A wet C0» environment in the vacuum system
was obtained %y running €02 from the cylinders
(commercial grade, 99.8%) through a doubly dis-
tilled H,0/C0, solution in a stainless steel trap
and fina?1y t%rOugh a UHV leak valve (11). The
pressure of wet C0, in the vacuum system during
the course of the rotation experiments was approx-
imately atmospheric. Auger spectra from the wet
C0; rotated siip ring surface were taken only
after the wet CO, was pumped down to the high 10-¢
torr region, a process which took about 2 days. A
molybdenum sheet tray was placed inside the vacuum
chamber under the brush-slip ring assembly to col-
lect wear particles during contact rotation.

After the experiment was over, the slip ring
assembly and wear debris were removed from the
chamber. The normal force on each brush was meas-
ured. The average frictional force was determined
from the decrease in rotational speed of the slip
ring by comparing it to a calibration involving
known torques applied to the slip ring in a sepa-
rate experiment in air. SEM pictures were taken
of both the slip ring surface tracks, brush con-
tact surfaces and of wear particles. X-ray dif-
fraction was obtained from relatively large par-
ticles (=0.05mm) and transmission electron dif-
fraction was taken from small particles (=0.05mm
or less).

RESULTS
A. Contact resistance and friction measurements.

Figure 2 shows the contact resistance for
both the upper and lower interfaces and the aver-
age coefficient of friction as a function of the
number of slip ring rotations or linear track




length covered. The contact resistance decreased
with increasing number of slip ring revolutions.
The curves are more or less parallel to each
other indicating that the initial conditions de-
termine whether a curve is “high* or “low".

These $nitia) conditions include such variables
as contact force, lead resistance, brush wire
orientation with respect to slip ring, surface
impurities, etc. The contact resistances in the
wet C0-> experiments are consistently higher than
those in the vacuum experiments and result in
such smoother curves. This Pigh contact resis-
tance could be due to the lower normal force,
smaller contact area and the additional resis-
tance introduced by the thin wet C0; layer at the
interface. The circled points indicate the con-
tact resistance before the slip ring started ro-
tating and after it stopped. In the case of wet
€Oz, the slip ring rotation did not stop, but the
experiment was terminated after about 5 to 10
minutes of rotation when the resistance attained
steady state values. The resistance of the inter-
faces clearly depended on the magnitude of the
contact force. In vacuum experiments, the fric-
tional force increased substantially as the rota-
tion proceeded and finally after many hundreds of
revolutions the motor stopped rotating because of
excessive friction and ultimate cold welding. The
average coefficient of friction (u) was calculated
from the ratio of the frictional force to the
measured normal force and is shown in Fig. 2 for
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Fig. 2 Contact resistance and average coeffi-
cient of friction versus slip ring revo-
lutfons. Subscripts s, w, u and £ stand
for strong and weak springs, and for
upper and lower brush interfaces respec-
tively.

both the vacuum and wet CO, experiments. For the
vacuum experiment it incregsed more than four
times while for wet COp it decreased to about
0.35 where it remained relatively stable.

8. AES measurements

In the vacuum experiments, the elemental sur-
face compositions of both the upper and lower
tracks on the slip ring were obtained by AES be-
fore and immediately after the contact resistance
measurements. However, in the wet (0, experiments
Auger spectra were taken about 2 days after the
contact rotation because the system had to be
pumped down to the high 10-* torr region before
operating the Auger spectrometer. The brushes
were retracted during the AES measurements and the
slip ring was continuously rotated. This proced-
ure gave the average impurity concentrations on
the whole track. The peak to peak heights of all
Auger signals were normalized (12,13) to atomic
percent (a/o) concentrations. The elemental sur-
face concentrations on the slip ring for two typi-
cal experiments in vacuum and wet CQ, are given in
Table 1. The Cu, S, C and O concentrations are

TABLE 1
Elemental concentrations (a/o) on slip ring tracks

for rotation in vacuum (235g contact force) and
wet CO> (51g contact force)

VACUUM WET Co,
Elements '
Before After Before After After
Rotation Sputtering Rotation
Cu 4.5 9.1 39.9 99.4 88.0
S 0.8 0.1 0.0 0.0 4.7
c 2. 2.0 40.9 0.6 7.3
0 741 0.4 18.2 0.0 0.0
Balance 2.5 0.4 5.0 0.0 0.0
(C1,N,Ar)

listed along with the impurity balance. In vacuum
rotated experiments the CC interface became clean-
er, while in the wet C0, experiments the sputter
cleaned interface becamg only slightly contami-
nated. The impurities picked up were sulfur and
carbon. Argon ion sputter depth profiles perform-
ed on the slip ring surface showed that these im-
purities were rapidly removed by small amounts of
fon etching.

To understand the cause of the high concen-
tration of sulfur, an additional experiment was
performed in which the brush-slip ring assembly
was replaced by a flat QOFHC Cu sample. The sample
was first sputtered clean (to 98 a/o Cu, 0.2 a/o
S) and then heated to 585°C for 30 minutes where
9 a/o of sulfur segregation was detected (14).
Sulfur was removed by argon ion sputter depth pro-
filing techniques and its concentration was moni-
tored as a function of sputtering time, After it
was almost completely removed (0.2 a/o), the clean
sample was exposed to one atm. of wet COp, result-
ing in a surface concentration of 7 a/o of sulfur.
The sulfur concentration was again removed by
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Fig. 3 Sputter depth profile of sulfur on a flat
OFHC copper sample. (a) segregated om

heating at 585°C for 30 mins. (b) adsorb-

ed on exposure to one atmosphere wet COZ
at room temperature for 15 mins,

sputter depth profiling. The results are shown
in Fig. 3. It is clear that the adsorbed sulfur
is removed much faster than the bulk segregated
sulfur. Thus the high concentration of sulfur on
the slip ring surface was due to an impurity in
the wet C0; supply and not to bulk segregation,

C. Scanning Electron Microscopy

After each experiment, the brush-slip ring
assembly and wear particles collected during ro-
tation were removed from the vacuum chamber and
examined with SEM. For the same period of rota-
tion, the quantity and size of the debris col-
lected in vacuum experiments were larger than
those in the wet CO, experiments. The average
length of vacuum wear particles was =0.3 - 0.5 mm
while for wet CO» the length of the wear parti-
cles was =0.03 - 0.08mm. SEM of several particles
from the wet CO; experiments are shown in Fig. 4.
Fig. 5 shows details of the structure of two
typical wear particles collected in a wet COp
experiment. The morphology of these particles
suggests that they are rolled layers or rolled
particles. Figure 6 shows a particle collected
from a vacuum experiment. X-ray diffraction was
taken from large individual particles by mounting
them on a glass fiber and by using a transmission
pinhole technique. The very small particles were
difficult to mount in such a way and therefore
their individual diffraction patterns were
studied by TED. The results from X-ray diffrac-
tion studies of large particles were jdentical
to those obtained by TED from small particles.
Fig. 7 shows a TED pattern obtained from a small
particle. The absence of preferred orientation
is apparent.

Figures 8 and 9 show typical SEM pictures of
brush tracks on slip rings rotated in vacuum and
fn wet €O, respectively. The surface from the
vacuum experiment shows deep grooves and high

Fig. 4 SEM of copper wear particles collected
during slip ring rotation in contact with
brushes in wet coz.

fig. 5 SEM of copper wear particles collected
during slip ring rotation in contact with
brushes in wet CDz. :

ridges and several pieces of brush wire wear par-
ticles adhering to the surface. The wet COp ro-
tated surface shows shallow grooves and low
ridges with a few occasional deep ridges. Also
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Fig. 7 TED of a small wear particle collected

while the slip ring rotated in contact

Fig. 6 SEM of copper wear particle collected dur- with a wire brush in wet C°z-

ing slip ring rotation in contact with
wire brushes in vacuum. Note particles
of silver paint on the substrate.

Fig. 8 SEM of OFHC Cu slip ring, upper track, Fig. 9 SEM of OFHC Cu s1ip ring, upper track,
showing broken wire pieces W and deep showing sha”ow‘ﬂqges. Arrow gives
ridges. Arrow gives direction of rela- direction of relative brush motion.
tive brush motion (high vacuum). (wet CO,).




nc wear particles are observable. The ridges
shown in these micrographs lie parallel to the
¢irections of travel. SEM pictures of brush ends
are shown in Figs. 10 and 11 for vacuum and wet
C0; experiments. The vacuum contact brush wire
ends appear very rough and abruptly broken, while
the wet CO, contact brush wire ends are much
smoother and of round shape. In Fig. 1! two re-
gions § and R are clearly seen on the wire ends.
The smooth (S) regions which touched the slip
ring and the rough (R) and long streaked regions
which were produced by the initial emergy paper
polishing prior to insertion in the UHV chamber.
These latter recgions apparently did not touch the
slip ring during rotation.

DISCUSSION

The elemental surface compositions of OFHC
Cu slip rings that rotate in contact with two
high purity Cu wire brushes in vacuum and in one
atmosphere of wet C0, are presented. In vacuum,
the initial conventionally cleaned surfaces
(Cu 50 a/o) became almost completely clean (98a/0)
after several hundred rotations. Carbon was the
major impurity observed. As the surface became

Fig. 10 SEM of wear surfaces on upper brush cop-
per wires (contact force 235 gms.).
Arrow gives the direction of relative
motion of the slip ring (high vacuum).

cleaner with continued rotation, adhesion, fric-
tion and occasional cold welding started to devel-
op. The occasional and erratic stick-slip result-
ed in large momentary f.uctuations in contact re-
sistance. Finally the adhesion became so large
that the motor rotating the slip ring could not
overcome the frictional torque, and cold welding
occurred.

Fig. 11 SEM of wear surfaces on upper brush cop-
per wires {contact force 51 gms.).
Arrow gives the direction of relative
motion of the slip ring (wet COZ)‘

In the case of rotation in wet COp the sur-
face also became clean except for the cevelopment
of a slight S and C contamination. The studies
involving a flat OFHC Cu sample (see section 8 of
Results) suggest that the S came from an impurity
in the C0, gas and not as a result of bulk segre-
gation (lg). The carbon concentration was ot the
same order as that observed in the vacuum experi-
ments. Thus running in wet C0p contributed no
additional C to the surface. In wet CO,, the ro-
tational speed of the slip ring increacéd and te-
came steady after a few hundred rotations. Cold
welding did not occur. These results indicated
that the wet CO, environment provided good lubri-
cation (3,4). %he AES composition of the wet CO,
surface was taken only when the wet CO, was pumpéd
down to the 10-° torr region which usually took
about 30 hours. This result means that the #.C -
€0, mixture was not very tightly bound to the”
surface. It is well known that COy is not chemi-
sorbed on Cu and its maximum heat of physical ad-
sorption (15) on metals is about 9 kcal/mole.
Water, on the other hand, has a heat of adsorption
of about 22-24 kcal/mole ana is notoriously dif-
ficult to remove at room temperature (i6}. Thus
C02 ts pumped out much faster than Hp(, as was
8150 observed by the mass spectroscopy analysis
of the residual gas. It is thus expected that
the Hy0 molecules aid in the adsorption of C0p.

The thickness of the H.0 - COp interfaciai
layer would be expected to 3cpsnd on the cortact
pressure. This result is in agrecment with the
contact resistance measurcments, where the higher

a




normal forces have lower contact resistances.

Thus the interfacial resistance appears to arise
from a combination of quantum mechanical tunneling
through the €02 - H,0 layer as well as occasional
direct brush-slip ring contact, resulting in ad-
hesion and fracture of plastically defarmed sur-
face regions. The net effect is that wear parti-
cles are formed. A determination of the approxi-
mate layer thickness h can be made from an empiri-
EN

. (4
cal relation (17) (Rf = tF

tunnel resistivity, £ is a pressure factor = 0.7
and M is the contact or penetration hardness)
based on a tunneling conduction mechanism tcgether
with an experimental relationship between py and

h (18). The results are approximatejbut indicate
that the H,0 - COp layer is about 6 R thick for a
2.2 m2 film resistance (R¢) and 80 gms of normal
force (F). This result is reasonable since it
implies a one to three molecule thick layer of

€0z - Hy0. The thickness of the layer also de-
pends on the orientation of the molecules with re-
spect to the substrate as well as with respect to
each other. It is thus concluded that the contact
resistance at the Cu-Cu interface in wet (02 is
not due to contamination by carbon or other im-
purities, but rather arises from the presence of
this Hy0 - COp layer at the interface. The low
contact resistance in vacuum arises from direct
meta)-metal contact. It decreases during rotation
pecayse the initial surface impurities are buried
during rotation or possibly partially removed by
the fallen wear particles and also because the
surface contact area increases.

Formation of the wear particles and the
ridges on the slip ring surface are of much in-
terest. In vacuum, deep ridges arise from brush
end ploughing and/or random localized welding of
brush wire ends to the slip ring during rotation,
resulting in tensile plastic deformation of the

weld and then final fracture of the weld material
or wire. Continued rotation may pull out some of
these broken wire ends or material from the pro-
truded ridges. These pieces then roll over be-
tween the brush-slip ring interface and even-
tually fall away from the interface. Clearly the
wear particles in the vacuum case would be larger
in size than those produced on occasional localiz-
ed metal-metal contact through the thin €0z - Hy0
layer where the weld area is likely to be smaller,
This result is what has been observed experiment-
ally. The average length of the vacuum wear par-
ticles is 0.3 - 0.5 mm and their diameter is

0.09 - 0.12 mm. The wet CO» wear particles have
average lengths of 0.03 - 0.8 mm and diameters of
0.02 - 0.04 mm,

The morphologies of the wear particles are
more or less the same. Some are made of thin
layers rolled as sheets and some with more com-
pacted but still rolled surfaces. There appears
to be some relationship between the size of the
wear particles, the ridges and the diameter of
the brush wires. The average height of the
broken wire pieces shown in Fig. 8 (vacuum) is
about 0.09 - 0.13 mm, which is close to the dia-

.meter of the wires of the brush., It is thus
reasonable to suppose that these pieces are parts

. where Pe is the

B —

of the broken wire which cold welded to the slip
ring surface as it became cleaner in vacuum. In
Fig. 9 (wet CO,) the lengths of the well defined
ridges vary from about 0.02 to 0.2 mm. The esti-
mated unfolded length of the layer making up the
particle in the upper left corner of Fig. S is
about 0.09 mm, which is within the range of the
length of the ridges in fig. 9. Therefore, it is
possible that this particle originally came from
the slip ring surface, rather than from the wire
of the brush. The variation in the length of the
ridges could be due to variations in contact
force at individual wire ends of the brush. The
ridges may be formed by the ploughing action of
the wire ends through the surface material of the
slip ring. Continued rotation in the case of wet
€0; tends to smooth these ridges, resulting in
byrnishing. The vacuum rotated surface has deep
and sharp ridges because erratic cold welding
prevented burnishing from occurring.
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